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Abstract
We report the MAXI observation of the gravitational-wave (GW) event GW170817 and the
electromagnetic counterpart of GW170817. GW170817 is a binary neutron star coalescence
candidate detected by the Advanced LIGO and Advanced Virgo detectors, and it is the first
event for which the optical counterpart has been discovered. In the MAXI observation, the Gas
Slit Camera (GSC) covered approximately 62% of the sky region of the GW event within 90%
probability during the first 92 min of orbit after the trigger. No significant X-ray transient was
detected in the error region, and the upper limit of the average flux with a significance of 3 σ
in the 2–10 keV band was 53/26 mCrab (one-orbit observation/one-day observation). In the
optical counterpart of GW170817, the observational window of GSC at the position started at
20 s after the GW trigger, but the high voltage of GSC was unfortunately off at the time because
the ISS was entering a high-particle-background region. The first observation of the position
by GSC was eventually performed at 16797 sec (4.6 hours) since the GW trigger, yielding the
3 σ upper limit of 8.60×10−9 erg cm−2 s−1 in the 2–10 keV band, though it was the earliest
X-ray observation of the counterpart.
Key words: gravitational waves — gamma-ray burst: individual (GRB170817A) — methods: observa-
tional
1 Introduction
The Advanced Laser Interferometer Gravitational-wave
Observatory (LIGO) and the Advanced Virgo detectors ob-
served a gravitational-wave signal named GW170817. The
signal was consistent with a binary neutron star (BNS) coales-
cence with a merger time of August 17, 2017 12:41:04 UTC
c© 2014. Astronomical Society of Japan.
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(LIGO Scientific Collaboration & Virgo Collaboration 2017c).
The sky position of GW170817 was localized to an area of 28
deg2 with a centroid of (RA, Dec) = (197.◦25, −25.◦62) (LIGO
Scientific Collaboration & Virgo Collaboration 2017a; LIGO
Scientific Collaboration & Virgo Collaboration 2017b). The
luminosity distance to the source was 40+8−14 Mpc, making
GW170817 the closest GW event ever observed. From the
waveform analysis, the masses of the BNS were estimated to be
in the range ofm1=(1.36-2.26)M⊙ andm2 =(0.86-1.36)M⊙
(Abbott et al. 2017).
On August 17 2017 12:41:06 UTC, the Fermi Gamma-ray
Burst Monitor (GBM) and the Anti-Coincidence Shield (ACS)
of the International Gamma-Ray Astrophysics Laboratory
(INTEGRAL) detected a short gamma-ray burst (GRB) named
GRB170817A (von Kienlin et al. 2017; Savchenko et al.
2017b), which was weak and had a duration of 2 s. The
trigger time of GRB170817A was 1.7 s after the trigger
time of GW170817, and its position was localized to (RA,
Dec) = (176.◦8, −39.◦8) with a 90% probability region of
approximately 1800 deg2, which falls within the error region of
GW170817.
The above results imply that GRB170817A was associated with
the BNS merger candidate GW170817. The three-dimensional
localization of GW170817 and the detection of GRB170817A
were reported by the Gamma-ray Coordinates Network (GCN)
to electromagnetic observation teams around the world. A
large number of the teams performed observations to find the
electromagnetic counterpart of the BNS merger. The first report
to GCN on the discovery was the observation by the Swope
telescope at Las Campanas Observatory in Chile (Coulter et al.
2017). The observation was performed on August 17 23:33
UTC, 10.87 h from the GW trigger. The transient, named
Swope Supernova Survey 2017a (SSS17a), was i = 17.476 ±
0.018 mag, and localized at (RA,Dec) = (197.◦45,−23.◦38).
SSS17a was located in NGC 4993 with an offset of 10.6 arc
sec (corresponding to 2.0 kpc at 40 Mpc) from the center
of NGC 4993 (Coulter et al. 2017). NGC 4993 was firmly
located inside the 3D skymap of GW170817; therefore, it is
most likely the host galaxy of GW170817. A large number
of multi-wavelength follow-up observations were performed
for the position of SSS17a (Abbott et al. 2017). In X-ray
observation, Monitor of All-sky X-ray Image (MAXI) and the
Super–AGILE onboard AGILE observed the position of the
optical counterpart and reported the upper limit of X-ray flux
(Sugita et al. 2017a). After the confirmation of the position of
the counterpart, pointing X-ray observations were performed to
searching for X-ray afterglow from GRB170817A/GW170817
by using Swift-XRT (Evans et al. 2017a; Evans et al. 2017b),
NuSTAR (Harrison et al. 2017), INTEGRAL JEM-X
(Savchenko et al. 2017a), and Chandra (Troja et al. 2017a). In
Chandra, the first follow-up observation conducted 2.3 days
after the GW trigger did not detect any X-ray source, but the
second observation starting 9 days after the trigger detected
an X-ray source, the position of which was consistent with
SSS17a (Troja et al. 2017b; Margutti et al. 2017).
MAXI (Matsuoka et al. 2009) is a mission onboard the
Japanese Experimental Module-Exposed Facility (JEM-EF)
on the International Space Station (ISS). MAXI scans ∼85%
of the whole sky in one orbit (92 min) by sweeping with a
slit-shaped field of view (FOV). It can cover a large localization
area of a GW event detected by GW detectors and search for
an emission from the area before the time of GW trigger. From
the operation start of LIGO, MAXI had searched for X-ray
counterparts of GW events and reported upper limits of X-ray
flux in the localization areas of GW150914 (Kawai et al. 2017),
GW151226 (Serino et al. 2017a), GW170104 (Serino et al.
2017b), and GW170814 (Sugita et al. 2017b). In this paper, we
present detailed results of the MAXI observation of GW170817
and its electromagnetic counterpart, following a quick report of
X-ray upper limits from MAXI observation.
2 Observation
2.1 Instrumentation and Operation
MAXI on ISS has two instruments: the Gas Slit Camera (GSC)
(Mihara et al. 2011) and the Solid-state Slit Camera (SSC)
(Tomida et al. 2011). The GSC does not operate in regions
with a high particle background, including the South Atlantic
Anomaly; regions with a latitude higher than ∼40 deg; and in
an FOV around the sun (∼ 5 deg). Although its operating duty
ratio is approximately 40%, the GSC covers approximately 85
% of the whole sky in a scan (Sugizaki et al. 2011). Because the
SSC is operated in the night time to avoid sunlight, the SSC duty
ratio and sky coverage are approximately 25-30% and 30%, re-
spectively. In the observation of GW170817, the 90% probabil-
ity region observed by LIGO/Virgo was out of the FOV of SSC.
The GSC system is composed of 12 cameras. Each camera con-
sists of a slit-slat collimator and proportional counter with one-
dimensional position sensitivity, covering an energy range of 2-
30 keV. Six of the twelve cameras are assembled into two mod-
ules, which cover a wide rectangular FOV of 1.5 (FWHM)×160
deg (orbital×orthogonal direction). The FOV of one module
points toward the Earth horizon and that of the other module
points toward the Earth zenith, covering approximately 2% of
the whole sky. A scanning image of an object is obtained with
the triangular response of the slat collimator according to the
ISS orbital motion. Each photon direction typically has errors
of 1.5 deg in the scan direction and ∼2 deg in the orthogonal
direction at FWHM, corresponding to the point spread function
(PSF) of the camera. A nominal GSC camera can detect tran-
sient events with a 2–20 keV flux greater than 2 ×10−9 erg
cm−2 s−1 (e.g., Serino et al. 2014; Negoro et al. 2016) in a
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scan transit. At the time of the GW170817 observation, seven
cameras of ID 0, 2, 3, 4, 5, 6, and 7 were functioning (Mihara
et al. 2014), and the GSC observed the position using camera
ID 2 on the zenith module and using camera ID 4 and 5 on the
horizontal module for 10 days after the GW trigger.
2.2 Observation of GW170817
In the MAXI observation of GW170817, the high voltage of
GSC was off at the GW trigger time of August 17, 2017
12:41:04 UTC. It was turned on 173 s after the trigger time.
GSC covered 62% of the 90% probability source region during
the first orbit (92 min) after the GW trigger. Figure 1 shows X-
ray images of the GSC observation in (a) the first orbit, (b) one
day, and (c) ten days with the 90% and 50% probability contours
of localization by the LALInference v2 map of GW170817. The
MAXI/GSC real-time transient monitor and alert system (nova-
alert system) is continuously operating (Negoro et al. 2016).
The nova-alert system detects transient events with fluxes >80
mCrab in a one-orbit scan and sends an alert to the world in
less than 30 s after the onboard detection of the transient. In the
probability region of GW170817, no significant X-ray transient
was detected by the system.
We calculated the upper limits of the source detection with 3 σ
significance in the probability region according to the follow-
ing procedure. We selected 33 points in the probability region
for upper-limit calculation using the HEALPix library (Go´rski
et al. 2005), which were spherical surface pixels divided into
49152 pixels (Nside=64). Figure 1 (c) shows the 33 points with
HEALPix numbers atNside=64. We estimated the source pho-
ton counts Csrc in each point for detection with 3 σ significance
from the background Cbg. Details of Csrc estimation are de-
scribed in appendix 1. The effective exposure EE (cm2 s) was
calculated by time integration of the geometrically corrected ef-
fective area in the FOV since the effective area of GSC toward a
source continuously changes during a scan (Mihara et al. 2011).
The photon-flux upper limit fUL with Nσ significance was cal-
culated as fUL =
Csrc(N)
EE
. Table 1 lists the 3 σ upper limits
of the 33 points for one-orbit, one-day, and ten-day observation
within the 90% probability region of GW170817. The aver-
age upper limit in the 33 points was 53/26 mCrab (one-orbit
observation/one-day observation).
2.3 Observation of the electromagnetic counterpart
SSS17a
The optical counterpart SSS17a was detected at (RA,Dec) =
(197.◦45, −23.◦38) in the GW170817 localization area (Coulter
et al. 2017). The observational window of GSC at the position
started at 20 s after the GW trigger, but the high voltage of GSC
was unfortunately off at the time because the ISS was entering
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Fig. 1. GSC X-ray images at 2–20 keV with the 90% and 50% probability
contours of GW170817 (thick lines) in three intervals of one orbit (from T0+0
to T0+5520 s), one day, and ten days. The images are X-ray photon-count
images with a resolution of 0.1 deg and smoothed. The ten-day image (c)
also shows the positions using the upper-limit calculation, of which alphabets
correspond to Table 1.
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Table 1. GSC X-ray flux upper limits in the 2–10 keV band at the 90% probability region of GW170817
one-orbit observation one-day observation ten-day observation
ID∗ Probability RA, Dec† cam‡ Cbg
§ EE¶ fU.L
‖ cam Cbg EE fU.L cam Cbg EE fU.L
a 2.71×10−4 196.88, -22.67 - - - - 2,5 121 471 43 2,4,5 2467 20373 4
b 2.11×10−4 197.58, -23.32 - - - - 2,5 85 339 51 2,4,5 2488 20630 4
c 2.07×10−4 196.17, -20.74 - - - - 2 195 1008 25 2,4,5 2420 19988 4
d 1.99×10−4 195.47, -20.11 - - - - 2 213 1121 23 2,4,5 2503 19584 4
e 1.99×10−4 196.17, -22.02 - - - - 2,5 172 842 28 2,4,5 2499 20115 4
f 1.74×10−4 198.28, -25.28 - - - - 2,5 153 750 30 2,4,5 2694 21814 4
g 1.48×10−4 196.88, -21.38 - - - - 2,5 169 777 30 2,4,5 2425 20209 4
h 1.39×10−4 197.58, -24.62 - - - - 2,5 97 370 50 2,4,5 2573 21020 4
i 1.32×10−4 198.98, -25.94 5 19 215 43 5 233 1309 21 4,5 2861 22576 4
j 1.22×10−4 194.77, -18.21 - - - - 2 254 1336 21 2,4,5 2611 19493 4
k 1.18×10−4 194.77, -19.47 2 5 156 38 2 238 1266 22 2,4,5 2547 19379 4
l 1.16×10−4 198.28, -23.97 - - - - 2,5 95 422 43 2,4,5 2597 21059 4
m 1.12×10−4 195.47, -18.84 2 3 153 34 2 232 1196 23 2,4,5 2577 19352 4
n 9.53×10−5 194.06, -17.58 2 25 151 68 2 272 1452 20 2,4,5 2549 19604 4
o 9.40×10−5 195.47, -21.38 - - - - 2 193 1057 24 2,4,5 2445 19906 4
p 9.37×10−5 198.98, -27.28 5 31 220 51 5 308 1681 18 4,5 2864 23004 4
q 9.33×10−5 196.88, -23.97 - - - - 2,5 78 337 50 2,4,5 2485 20642 4
r 7.94×10−5 199.69, -27.95 5 44 219 60 5 325 1855 17 4,5 2904 23286 4
s 7.40×10−5 198.28, -26.61 5 22 221 44 5 232 1243 22 4,5 2777 22561 4
t 7.24×10−5 197.58, -22.02 - - - - 2,5 119 444 45 2,4,5 2411 20434 4
u 6.48×10−5 196.17, -19.47 - - - - 2 209 1070 24 2,4,5 2488 19656 4
v 6.10×10−5 199.69, -26.61 5 29 214 51 5 292 1668 18 4,5 2922 22948 4
w 5.52×10−5 194.06, -16.33 2 29 147 75 2 248 1463 19 2,4,5 2507 19348 4
x 5.49×10−5 200.39, -28.63 5 42 219 59 5 320 1937 16 4,5 2894 23507 3
y 4.74×10−5 193.36, -16.96 2 27 149 72 2 243 1497 18 2,4,5 2480 19130 4
z 4.57×10−5 198.98, -24.62 - - - - 2,5 153 851 26 2,4,5 2690 21916 4
aa 4.48×10−5 194.06, -18.84 2 14 155 53 2 270 1411 21 2,4,5 2540 19543 4
ab 4.36×10−5 196.17, -23.32 - - - - 2,5 124 508 40 2,4,5 2446 20314 4
ac 4.33×10−5 193.36, -15.71 2 31 147 77 2 236 1468 19 2,4,5 2389 18850 4
ad 3.79×10−5 200.39, -30.00 5 44 227 58 5 350 2197 15 4,5 3022 24019 3
ae 3.76×10−5 197.58, -25.94 - - - - 2,5 152 652 34 2,4,5 2699 21748 4
af 3.74×10−5 194.77, -16.96 2 19 150 62 2 257 1384 20 2,4,5 2633 19668 4
ag 3.47×10−5 201.09, -30.69 5 46 224 59 5 373 2341 14 4,5 3314 24219 4
ah 2.98×10−5 199.69, -29.31 5 41 225 56 5 328 1994 16 4,5 2962 23642 3
ai 2.95×10−5 201.09, -29.31 5 36 220 54 5 343 2125 15 4,5 2985 23856 3
∗ point ID shown in Figure 1 (c)
† position of the point in J2000 coordinates
‡ ID of the GSC camera
§ observed counts in a PSF of GSC
¶ effective exposure (cm2s)
‖ 3σ upper limit in the 2–10 keV band (mCrab)
a high-particle-background region with a latitude higher than
40 deg. The high voltage turned on 20 s after the counterpart
was out of the FOV. The left panel of Figure 2 (a) shows the
GSC image at the first scan since the GW trigger and the PSF
of GSC to the direction of SSS17a. The SSS17a position was
not observed until the third scan since the GW trigger because
of the high-voltage-off operation at the region.
The first observation of the position was performed 16797 s (4.6
h) after the GW trigger, and it was the earliest X-ray observa-
tion of the counterpart (Abbott et al. 2017). The left panels of
Figure 2 (b) – (g) show the images of the scans around the po-
sition of SSS17a when the FOV of GSC pointed to SSS17a and
Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0 5
the high voltage was on. Until the scan at 49021 s, the observa-
tion did not cover the position with the full PSF because of the
high-voltage-off operation.
Previously, we had conservatively reported on the upper limit of
the scan in the full-PSF observation by the GCN (Sugita et al.
2017a). In the present study, we estimated the upper limits of
the observations in case of a partial-PSF-coverage observation
in which the total effective exposure in each scan was larger
than 1 cm2 s. We used the advanced good time interval (GTI)
region for this analysis, in contrast to the standard analysis of
GSC. In the standard pipeline process, the GTI starts 15 s af-
ter the value of high-voltage house-keeping data reaches the set
value of 1550 V. Since the house-keeping data are measured at
10-s intervals, the actual high voltage is already stable to the
set value before the time of the house-keeping data. To maxi-
mize the number of photon counts from SSS17a, we adopted the
new GTI, which was selected based on the criterion that the veto
count rates were stable at approximately 300 counts/s. The right
panels of Figure 2 show the time profile of the effective area of
SSS17a and the veto count rates. By using the new GTI, the
photon counts and effective area in the PSF were greater than
those in the case of standard analysis, but the photon counts
of the partial-PSF-coverage region were not statistically signif-
icant to estimate the upper limit. We adopted the photon counts
of the area near SSS17a as the background counts. The number
of photon counts Cbg was scaled by the partial coverage fac-
tor of the EE of SSS17a. Table 2 lists the 3 σ upper limits of
energy flux of each scan of the position of SSS17a in the 2–10
keV band.
3 Discussion and Conclusion
GRB170817A was detected by Fermi/GBM and
INTEGRAL/SPI-ACS (Goldstein et al. 2017; Savchenko
et al. 2017b) 1.7 s after the GW170817 trigger (Abbott et al.
2016a). The position of SSS17a was within the localization
region of GRB170817A, implying that GRB170817A is a short
GRB associated with a BNS merger. We compared the upper
limits of X-ray luminosity of GW170817 observed by the GSC
with the luminosities of the short GRB afterglows. We used the
data of Swift/XRT from the lightcurve repository (Evans et al.
2007). We calculated the upper limits of isotropic luminosity
of GW170817, as listed in Table 2, as well as the lightcurves of
isotropic luminosity of the canonical short GRBs by using the
redshift listed by Fong et al. (2015). Figure 3 shows the time
profile of the upper limits of X-ray luminosity of GW170817
observed by GSC and the X-ray afterglow luminosities of the
canonical short GRBs. The luminosity upper limits of the
early X-ray observation of GW170817 by GSC were above the
isotropic luminosities of the short GRB afterglows.
The X-ray upper limits observed by the GSC did not constrain
the emission model of early X-ray afterglow of GW170817.
However, in case of the GSC observation of GW170817,
the observational window unfortunately occurred during
high-voltage-off operation, which occurs for approximately
15% of the whole sky in one-orbit observation (Sugizaki et al.
2011). In the future observation of the GW electromagnetic
(EM) counterpart, we can expect that GSC will observe the
counterpart in the time of high-voltage-on operation with a
probability of 85%. GSC observation in one scan typically
has a sensitivity of 10−9 erg cm−2 s−1 in the 2–10 keV band.
Since MAXI (ISS) completes one orbit in 5520 s, the GSC can
observe the counterpart with an exposure of ∼150 s within the
5520 s. LIGO/Virgo will be upgraded for the next observing
run (O3: one year run from fall 2018) to double the horizon
distance up to 170 Mpc (Abbott et al. 2016b). Figure 4 shows
the typical sensitivity of GSC with 3 σ significance in one
scan as well as X-ray fluxes of the afterglows of the canonical
short GRBs, assuming a distance of 170 Mpc. If the GSC
observes the EM counterpart in the first scan from the trigger,
the sensitivity would be sufficiently below the X-ray fluxes of
the afterglow of the canonical short GRB.
It was reported that the characteristics of the X-ray afterglow
of GW170817 are different from those of canonical short
GRBs. The late X-ray afterglow of GW170817 was detected
in the Chandra observation (Margutti et al. 2017; Troja et al.
2017b; Haggard et al. 2017). The flux of the afterglow 15
days after the GW trigger was 100 times fainter than that of
canonical short GRBs (Fong et al. 2017). The sub-relativistic
top-hat jet model (Ioka & Nakamura 2017), the model of the
scattered jet emission by a cocoon (Kisaka et al. 2017), the
model of the off-axis emission of the structured jet (Lamb &
Kobayashi 2017; Lazzati et al. 2017; Margutti et al. 2018), and
the model of the mildly relativistic shock-breakout emission of
a cocoon (Kasliwal et al. 2017; Gottlieb et al. 2017; Mooley
et al. 2018) were proposed to explain the rising X-ray afterglow
and weak prompt emission. According to these models, the
viewing angle from the relativistic jet is ∼30 deg, which is too
large in comparison with that of canonical short GRBs. On the
other hand, in the prompt emission of GRB170817A, a soft tail
emission following the main pulse was observed (Goldstein
et al. 2017). The soft tail had a blackbody spectrum with kBT =
10.3 ± 1.5 keV, and the energy flux was ∼5×10−8 erg cm−2
s−1. In the previous observations of canonical short GRBs,
some GRBs had an extended emission lasting for ∼100 s after
the short hard pulse (Norris & Bonnell 2006). GRB050709 was
a short hard GRB that was followed 25 s later by a long-soft
bump of duration approximately 100 s. The bump was from
the same position as that of the short pulse, and the peak flux
was 1.53 ± 0.27 ×10−8 erg cm−2 s−1 in the 2–10 keV band
(Villasenor et al. 2005). Nakamura et al. (2014) reported that a
soft X-ray extended emission from BNS mergers was emitted
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Fig. 2. Left: GSC X-ray images at 2–20 keV around the electromagnetic counterpart of GW170817. The point marked by ”x” is the position of the optical
counterpart SSS17a, the square region is the PSF of GSC at the position, and the arrow shows the scan direction of GSC.
Right: time profiles of the effective area of GSC to the counterpart (dashed line) and veto count rate of GSC (continuous line).
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Fig. 2. (continued)
Table 2. GSC X-ray flux upper limit in the 2–10 keV band at the position of the electromagnetic counterpart
Time since trigger (s) cam∗ Cbg
† EE‡ fU.L(erg cm
−2 s−1)§ LU.L (erg s
−1)¶
16797 5 73 12 8.60×10−9 1.65×1045
22344 5 76 1 7.70×10−8 1.47×1046
43465 2 72 44 4.20×10−9 8.00×1044
49021 2 73 161 2.17×10−9 4.20×1044
61319 5 75 26 4.91×10−9 9.41×1044
66886 5 62 198 1.52×10−9 2.91×1044
∗ ID of the GSC camera
† observed counts in an FOV
‡ effective exposure (cm2s)
§ 3σ upper limit of X-ray flux in the 2–10 keV band
¶ 3σ upper limit of luminosity in the 2–10 keV band at a distance of 40 Mpc
by a mildly relativistic fireball powered by the rotation energy
of the Kerr BH via the Blandford-Znajek process. Goldstein
et al. (2017) also estimated the 3 σ upper limit of extended
emission of GRB170817A by GBM as 6.4–6.6×10−8 erg
cm−2 s−1 with 10-s exposure, which converts to an estimated
flux of∼3×10−9 erg cm−2 s−1 at a distance of 170 Mpc. If the
soft tail lasts for ∼100 s after the pulse emission, MAXI/GSC
can observe the extended emission of the soft tail. We consider
that the MAXI/GSC observation of the EM counterpart would
contribute to the testing of the X-ray emission model of BNS
mergers.
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Appendix 1 Upper-limit calculation for the
source photon counts
We estimated the upper limit of the source photon counts for
detection with 3 σ significance from the background. In the
X-ray observation of an astronomical object, the observed net
counts Cnet in the FOV contain the source counts Csrc and the
background counts Cbg: Cnet = Csrc +Cbg. For N σ detection
from Cbg, Csrc should satisfy the following equation:
Csrc =Cnet−Cbg >N
√
σ2net +σ
2
bg. (A1)
Based on Poisson statistics for photon counts, the statistical er-
rors are σnet =
√
Cnet and σbg =
√
Cbg. From the solution of
the quadratic equation of Cnet,
Cnet > Cbg +N
(
N +
√
8Cbg +N2
2
)
, (A2)
Cnet is described as a function of Cbg and N . Then, the upper
limit of source photon counts for Nσ detection is estimated as
Csrc(N,Cbg) =N
(
N +
√
8Cbg +N2
2
)
. (A3)
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